In this paper, the meson theory of nuclear forces is presented in a simplified way, As in Yukawa's first paper, the forces between two nuclear particles are derived directly from the field equations and the Hamiltonian of the meson field ($2,3), without quantization of the field.
UKAWA' first pointed out that nuclear forces can be explained by assuming that particles of mass about 200 times the electron mass (mesons) exist and can be emitted and absorbed by nuclear particles (neutrons and protons). With such an assumption a force between nuclear particles of the right range ( 2 && 10 " cm) and the right shape (rapid decrease at large distances) was obtained. If the mesons were assumed to be charged (positive or negative) the resulting force between nuclear particles turned out to be of the "exchange" type which had been found successful in the interpretation of empirical facts in nuclear physics. The mesons must obey Bose statistics because they are emitted in the transformation of a neutron into a proton (or vice versa) both of which obey Fermi statistics; their spin could be either zero or one to be reconcilable with their emission in the neutron-proton transformation; zero was chosen by Yukawa for simplicity. A new impulse was given to these theories by the discovery in cosmic radiation of a particle of mass intermediate between electron and proton. Evidence was obtained by Anderson and Neddermeyer4 for the occurrence of two kinds of particles in cosmic rays characterized by different losses of energy, vis. (1) the shower particles which behaved in every respect as required by theory for electrons, and (2) the particles occurring singly which apparently lost energy only by ionization. These particles of the second type could therefore certainly not be electrons. Anderson and Neddermeyer also showed that *A second part, on the theory of the deuteron, is in 'G. Wentzel, Zeits. f. Physik 104, 34 (1936) ; 105, 738 course of publication in The Physical Review. Section (1937) .
numbers from $7 on, equation numbers from (36) on, and 3 E. C. G. Stuckelberg Sakata, ibid. 19, 1084 Sakata, ibid. 19, (1938 . 51, 884 (1937) . 260 the particles could not be protons because their ionization was too small. This conclusion was confirmed by Street and Stevenson' who showed that single cosmic-ray particles of fairly low momentum (Hp 10') could penetrate large thicknesses of lead which could not possibly be penetrated by protons of the given momentum (nor by electrons).
Since its discovery, the medium heavy particle has been observed directly in the cloud chamber by several authors and its mass p, has been determined from the curvature and the ionization produced, ' from curvature and energy loss in solid plates, ' or from curvature and range. ' The most reliable measurements give p = 150 -220 electron masses.
It was natural to identify these cosmic-ray particles with the particles in Yukawa's theory of nuclear forces. Yukawa's theory was therefore more closely investigated by several authors.
It was found that the theory in its original form (charged mesons of zero spin) gave the wrong sign for the interaction in the deuteron, i.e. , repulsion instead of attraction in the 'S then the charge of the nuclear particle (i.e. , whether it is a neutron or a proton) becomes entirely irrelevant and the equality of forces follows immediately. This alternative will be discussed in the present paper.
In the papers quoted the method of second (1937) ; 53, 106, 197, 265, 669 (1938) ;S. H. Neddermeyer, Phys. Rev. 53, 102 (1938) . particles. By "nuclear particle" we shall generally understand a neutron or a proton; a short common name for these two modifications of the nuclear particle would be highly desirable. Our results will in no way go beyond those previously obtained " """ in the derivation we shall only attempt simplicity rather than rigor and completeness. The nuclear particle will Eq. (»)).
In the presence of a nuclear particle, (4) is replaced by
In a nonrelativistic approximation for the nuclear particles, N and j should be neglected and p, M considered independent of the time. Then the solution of (13) is
The divergence condition (2) is fulfilled. If the wave function it of the nuclear particle is concentrated in a small space (small compared with r) around the origin ("point charge") we may write p(r) = (g/r)e f ( e"")
The constant g is independent of f Th. e righthand side of (11b) represents the spin density.
M and p are "static" quantities, i.e. , they are large for nuclear particles at rest, while j and N vanish in this case and are generally of the order v/c compared with p and M where v is the velocity of the nuclear particle. In a theory in which the nuclear particles are treated nonrelativisitically, j and N may be neglected.
Combining (9) and (11), we obtain (cf. 2) where s = tp*pi»pd»' = JI It *i»ltd»'
J is the spin of the nuclear partide.
If a nuclear particle is subject to a meson field the potential energy is
The general form of this potential energy follows from the field equations (9), (11) and from considerations of relativistic invariance. The sign of the first two terms is the same as in electrodynamics; in general, the sign can only be derived from the Hamiltonian of the field which will be discussed in the next section.
We shall now assume that the meson potential (15) is produced by a nuclear particle '1 located at the origin and acts on a particle 2 located at r. We have thus shown that the position of the deuteron levels can be explained by the potential V, the singlet level being determined exclusively by the central force V& while for the triplet the most important force is the tensor interaction Vq.
It is not necessary to lower the triplet (and raise the singlet) by means of the spin-independent force U (cf. (19a)) as has been believed " "" on the contrary, the use of the tensor interaction for this purpose has the advantage of giving a quadrupole moment at the same time.
A very important requirement for any nuclear theory is the saturation of the nuclear forces for heavy nuclei. " A necessary (though not sufficient) condition for saturation is that the average of the interaction over all directions of the spins eI a2 be zero or repulsive. The average of our potential V is exactly zero which can be seen most easily by averaging over the two possible values, + -, ' and --'"of m,~and m. 2. This wouM probably be also sufhcient for saturation if we could show in addition that our forces favor a small value of the total spin of the nucleus (in agreement with the experimental behavior of nuclear spins). The central force UI will in the neutral theory indeed show such a tendency, being attractive for antiparallel spin of the two interacting particles (singlet) repulsive for parallel spins (triplet state). On the other hand, the tensor interaction U2 will favor a parallel alignment of the spins provided the vectors r are also parallel to the resultant spin. This force, if acting alone, would lead to a very oblong rather than a spherical shape of the nucleus, a tendency which is strongly opposed by the marked increase of the kinetic energy of the particles for a nonspherical shape. For lighter nuclei, for which the kinetic energy is most important, the central force U& will certainly win out, yielding almost zero spin in agreement with experiment. For very heavy nuclei, however, the kinetic energy will increase more slowly than the potential energy, vis. as" A""' as compared with A' Therefore there will be the danger of a predominance of V2 with its consequences of large spin, nonspherical shape and, worst of all, nonsaturation.
"See,-e.g. , G. Breit and E. Wigner, Phys. Rev. 53, 998 (1938) distances, and the average value of the tensor interaction taken over this wave function (firstorder perturbation energy) would be finite (given by an integral which behaves for small r as J'r'dr r'/r').
However, this solution is impossible. The tensor interaction is genetically entirely different from the relativistic terms in the electron interaction. The former is a "static" interaction" and can be derived from the Hamiltonian of the meson field by a contact transformation just as the Coulomb force is derived from the Hamiltonian of the electromagnetic field. The relativistic terms in the electron interaction are dynamic terms and therefore subject to the same uncertainties as, e. g., the self-energy.
Even if the treatment of the tensor interaction as a true potential could not be justified from its derivation it would still be necessary a posteriori from its applications. It is obvious that the quadrupole moment of the deuteron could not be explained if the tensor interaction were to be excluded in the calculation of the wave function.
But we can say even more: The tensor interaction and the spin-dependent central force V" G. Breit, Phys. Rev. 39, 616 (1932 (34) will become invalid at small distances. The first, and probably the easiest to take into account, is the relativistic correction, both in the potential ("small" terms j and N) and in the wave equation. The first of these effects means the taking into account of the retardation, the second the relativistic change of mass. However, it seems very doubtful whether these corrections will give the desired effect. Relativity can only be expected to be important when the potential energy becomes about 2Mc' (factor 2 because there are two pa.rticles) but actually the explicit calculations show that the potential must be cut off at a value of about~M c' in the neutral theory (straight cut-off, cf. $13, Table IV ) and at only 0.015Mc' in the symmetrical theory. Moreover, it is not at all certain in which direction the relativistic corrections will act: The relativistic change of mass will certainly act like an increase in the effective potential, i.e. , give an effect in the wrong direction. The retardation will probably give an eff'ect in the right direction but whether this will be sufficient to overbalance the effect of the change of mass is doubtful. In the hydrogen problem, as is well known, the change of mass eff'ect predominates.
A more promising reason for cutting off' seems to be the interaction of higher order in f'/hc. The unquantized field theory as presented in )2
gives only the terms of order f' in the interaction. The third, and perhaps most important, consideration is that the meson field produced by nuclear particle A in the neighborhood of 8, will interfere with the proper field of B. Since the latter is certainly very large, it cannot be expected to obey the linear field equations of $2.
Therefore there will not be a linear superposition of the proper field and the external field. This point has been particularly emphasized by
Heisenberg. " It is like the second point in making use of the nonlinearity of the field equations (higher than quadratic terms in the field energy).
However, it differs from both the preceding points in permitting deviations from the simple fields of $2 even for small values of the "external" field, i.e. , for large distances of the interacting particles, because the proper field is always large.
In other words, it is possible that in this theory we should not speak of a cut-off at all but of a general modification of the interaction potential.
As Heisenberg" has shown the interference between external and proper field will be equivalent to an "inertia" of the spin of the nuclear particle. This is exactly what we need in order to reduce our interaction at small distances because the tensor interaction causes a rapid motion of the spin of the nuclear particles.
A last possibility is that all interactions, nuclear as well as electromagnetic, etc. , break down at small distances for some reason unknown at present and distinct from the nonlinearity of '3 W. Heisenberg, Zeits. f. Physik 113, 61 (1939) . For r&ro, we assume in either case the validity of the potential (34).
Our theory contains then two'4 unknowns, vis. , the strength of the interaction, f, and the cutting-off radius ro. These two constants will be determined from the binding energy of the deuteron (triplet state) and from the scattering cross section of slow neutrons by protons which gives evidence on the singlet interaction of two particles. When f and ro are known, we can calculate further properties of the deuteron, in particular its quadrupole moment, and the agreement or disagreement of such quantities with experiment will provide a test of the theory.
34The constant a (reciprocal range of the forces) is assumed to be known from the mass of the meson (Eq.
(8)). Cf. however, the calculations of L. E. Hoisington, S. S. Share, and G. Breit, Phys. Rev. 56; 884 (1939) 
